Thermomechanical and isothermal fatigue behaviour of a Reduced Activation Ferritic−Martensitic (RAFM) steel have been investigated under in−phase (IP) and out−of−phase (OP) conditions using different temperature ranges. OP TMF yielded the lowest lives compared to both IP TMF and isothermal fatigue (IF) cycling at the maximum temperatures (T max ) in all the three temperature ranges. It was thus observed that the traditional design practice that relies on IF testing at the T max is bound to be nonconservative for the above steel, which could lead to adverse consequences on structural integrity. The results obtained are rationalised and discussed based on the detailed microstructural observations.
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Introduction
Structural components of thermonuclear fusion reactor would be subjected to alternating thermal and mechanical stresses as a consequence of the pulsed mode of operation [1] . The thermal fluctuations lead to the development of thermal gradients from the surface to the core of the component across the wall thickness. Such thermal gradients occurring cyclically during operation result in thermomechanical fatigue (TMF). Generally two extreme thermal−mechanical strain combinations are employed for studying the TMF behaviour, namely, in−phase (IP) and out−of−phase (OP). An IP TMF cycle is where the temperature and the applied strain of the mechanical cycle reach their maximum and minima values at the same time. In an OP TMF cycle, on the other hand, the maxima applied mechanical strain coincides with the lowest temperature of the cycle and vice versa. Traditionally, designers use isothermal low cycle fatigue (abbreviated as IF) data generated at the peak temperatures (T max ) of the expected design cycles to assess the fatigue lives of components subjected to TMF cycling with an implicit assumption that such an approach would yield conservative life estimation. However, many materials have been shown to result in much lower lives under TMF conditions [2] . It is thus recognized that the synergy between thermal and mechanical loadings cannot be satisfactorily and conservatively reproduced through IF tests.
Candidate structural materials for fusion power reactors must possess a chemical composition that is based on low activation chemical elements such as Fe, Cr, V, W and Ta [3, 4] . Reduced Activation Ferritic Martensitic (RAFM) steels have been evolved from the conventional P91 steel, by replacing elements such as Mo, Nb, Ni and Cu which would otherwise transmute in a fusion neutron spectrum into high−energy, long half−life radiation emitters. The tempered martensitic microstructure, characteristic of these alloys allows operation at relatively high temperatures (773−823 K) and offers a good dimensional stability under high neutron dose levels. In addition, they possess a better resistance to irradiation−induced swelling in comparison to austenitic steels [5] . In view of the above, RAFM steel is a preferred choice for the plasma−facing first wall components of ITER. There have been several investigations on the IF behaviour of RAFM steels over the recent past [6−10] . However, studies pertaining to the TMF behaviour of the above class of alloys is limited [11−12] . Petersen and Rodrian [11] attempted a comparative evaluation of the TMF and IF behaviours of Eurofer 97 steel (9Cr−1W−V−Ta) using hollow specimens and cyclic temperatures ranging from 373 to 823 K and 373 to 873 K. A significant finding of practical relevance to have emerged from the above study is that the steel displayed marked life reductions of more than an order of magnitude under TMF, compared to IF cycling. It should however be noted that the IF results reported in the above study were obtained from tests performed on solid specimens using higher strain rates compared to those used for the TMF tests. Similar observations were also made by Aktaa et al. [12] who reported that for an identical mechanical strain range, the TMF tests showed lower lives compared to IF, by a factor of 20. Consequently, the fatigue lifetimes obtained under TMF cycling were seen to lie either very close to, or even below the design curve marking the number of allowable cycles to failure. The present study is aimed at comparing the TMF and IF behaviour of an indigenously developed RAFM steel and forms part of an effort to optimise the chemical composition of the alloy with respect to mechanical properties.
Experimental
In−phase and out−of−phase TMF tests were performed on tubular samples of 25mm gauge length ( Fig. 1 ) using mechanical strain amplitudes (Δε mech /2) of ±0.4% and ±0.6%, with the strain rate fixed at 1.2×10 -4 s -1 . It should be mentioned that an increase in the applied Δε mech /2 for the given strain rate reduced the rate of thermal cycling by virtue of an increase in the cycle time. The heating/cooling rates were 3°C/s and 2°C/s for the Δε mech /2 of ±0.4% and ±0.6% respectively. Tests were performed using three different temperature ranges, namely, 573−773 K, 623−823 K and 673−873 K. For the sake of comparing the results with the IF behaviour, tests were carried out at the T max of these TMF cycles, i.e., 773, 823 and 873 K. The cycling was terminated when the peak tensile load dropped to 20% of the half−life value. The strain rate and the specimen geometry employed for both the TMF and IF tests were maintained identical, so as to have a meaningful comparison of the results obtained. Details of the machine, the experimental setup used and the procedure for thermal compensation are elaborately covered in an earlier publication [13] .
The RAFM steel used in the investigation was supplied by M/s Mishra Dhatu Nigam Limited (MIDHANI), Hyderabad in the form of 25 mm thick plates. The chemical composition of the alloy is provided in Table− 1. The steel was obtained in the form of rolled plates. The plate was cut into bars of dimensions18×18×150 mm which were subsequently given a normalizing (1253 K / 30 min + air−cooling) followed by a tempering treatment (1033 K / 60 min + air−cooling). The above treatment yielded a tempered martensitic lath structure, as presented in Fig. 2 . Detailed EDS analysis showed that the prior austenite grains were decorated with M 23 C 6 carbides that were rich in Cr and W and the MC carbides rich in V and Ta.
Metallography
Samples for transmission electron microscopy (TEM) were obtained from thin slices cut at a distance of 2−5 mm away from the fracture surface. These samples were first mechanically polished down to about 70 μm, followed by electropolishing using a solution containing 20% perchloric acid and 80% methanol at 243 K using a d.c. supply of 20 V. 
Results and Discussion

Cyclic Stress Response and Sub structural Changes
Figs. 3 (a) and (b) present the stress response behaviour obtained under IP and OP TMF cycling in the temperature ranges of 573−773 K and 673−873 K, respectively. The IF response at the T max is also incorporated for comparison. A continuous cyclic softening was seen to characterize the stress response, as observed in the above plots. The occurrence of cyclic softening in ferritic steels is a well documented phenomenon and is a consequence of a combination of factors including: (i) a reduction of the dislocation density, (ii) coarsening of the precipitates formed during tempering and (iii) recovery of the tempered martensitic lath structure into cells and subgrains, as noted by several investigators [14−21] . The tensile stress response under OP TMF was seen to be significantly higher compared to that obtained under IP TMF and IF cycling at T max , leading to a pronounced tensile mean stress as shown in Fig. 3 . Cyclic stress response under IP TMF, on the other hand, showed a compressive mean stress.
Transmission electron microscopy of specimens tested under TMF (IP and OP) in the temperature range, 573−773 K showed a microstructure intermediate between laths and subgrains, as presented in Figs. 4 (a &b) . A cell structure, comprising of a lower dislocation density compared to the untested condition was observed after testing. However, the original lath geometry of the tempered martensite was seen largely preserved. The laths in this intermediate structure were seen to be wider than those present in the untested condition, as seen by comparing Figs. 2 and 4. The extent of substructural recovery was seen to depend on the temperature range. The substructural evolution was proposed [6] to begin with the lath structure transforming into small cells close to the prior austenite grain boundaries, with their number growing during the progress of cycling. The extent of recovery was generally seen to be greater in the case of IP cycling, as could be made out by comparing Figs. 4 (a) and (b) ; the cell interiors exhibited considerably greater dislocation density under OP cycling as compared to IP cycling. This could be attributed to a higher life and the consequent longer test duration involved in the latter case, as discussed in the succeeding passages.
Fatigue Life Variation and Role of Oxidation
It is necessary to note a fundamental difference between the oxide behaviour under isothermal exposure and thermal cycling condition. During isothermal oxidation, the stresses generated are largely those resulting from the growth of the oxide scales which are usually compressive in nature [22] . Under thermal cycling however, the coefficient of thermal expansion (α) of the parent metal and the oxide scale comes into action and play a decisive role in the evolution of oxidation−induced stress. The α of the parent metal or alloy is generally higher than that of the corresponding oxide created [23] . Therefore, cyclic oxidation occurring during thermal cycling leads to a buildup of stresses owing to the difference in α between the metal and the oxide scale [22] . The base metal usually expands more than the oxide during the heating cycle by virtue of its higher α as a consequence of which, the latter is subjected to a tensile stress that can only be relieved by cracking. During the cooling phase on the other hand, the metal contracts more than the oxide leading to compressive stresses in the oxide which may be relaxed by spallation of the scale [24] .
The cyclic lives obtained in the present investigation varied in the sequence, IP TMF > IF cycling at T max > OP TMF. It may be noted that a tensile fracture of the oxide is especially detrimental for crack initiation and growth because repeated oxide fracture can channel the growth of crack into the unoxidised parent metal [25] . As a result, the progression of damage is expected to occur much more rapidly in the case of OP TMF cycling in comparison with the IP tests, since the oxide formed during exposure to increasing temperatures under compressive strain is subjected to a tensile strain with decreasing temperature in the ensuing half cycle. It has been suggested that environmental effects could lead to an embrittlement of the surface or the near−surface area giving rise to an early crack initiation if high tensile loads coincide with low temperatures [26] . Significant secondary cracking was noted under OP cycling, presumably on account of a higher tensile stress response observed therein. Scanning electron fractograph presented in Fig. 5 indicates several crack initiation sites observed under OP TMF (673-873K). The progression of damage was seen to be aided by the fracture of oxide scales, as evidenced by the periodic fissures observed in the above fractograph (presented as inset to Fig. 5 ). The role of oxide on the compressive dwell sensitivity was substantiated on a modified 9Cr−1Mo (P91) ferritic martensitic steel which showed a lower life under tensile hold condition than under compressive hold, when tested in vacuum [18] and liquid sodium [27] environments. Recent studies [28] also reported lower lives of a P91 steel under IP TMF compared to OP TMF in vacuum. However, OP TMF cycling of the above alloy resulted in much lower endurance compared to IP TMF when the tests were carried out in air environment [29] .
In−phase TMF yielded a higher life compared to both OP TMF and IF cycling. This could be attributed to a compressive mean stress as seen in Figs. 3 (a & b) . However, the difference in life between TMF (IP, OP) and IF cycling was seen to narrow down with an increase in the T max , as shown in Fig. 6 . It should be noted that the advantage associated with compressive mean stress under IP TMF gets offset by increasing prominence of creep deformation as the T max increases. Consequently, the cyclic life under IP TMF was seen to reduce more drastically as compared to OP cycling, leading to a progressive reduction in the difference between the IP and OP lives with increasing T max of TMF cycling, as presented in Fig. 6 . Ferritic steels are known to suffer extensive creep damage at T ≥ 823 K. In the case of IP TMF with a T max ≥ 823 K, the tensile deformation taking place at the higher temperature leads to the build-up of substantial creep damage in the alloy. It should be noted that the extent of creep damage increases with an increase in the T max of TMF. Under IF cycling, a partial healing of creep damage incurred during the tensile loading takes place during the compressive half cycle [30] . However, under IP TMF, the compressive deformation taking place at the lower temperature prevents such a healing effect, thereby inflicting a greater creep damage than what could be expected, had the reverse deformation been applied isothermally, at the T max . A more drastic reduction in life seen under IP TMF with increasing T max in comparison with the IF cycling, could thus be attributed to a progressively greater amount of the net creep damage accumulated per cycle under IP TMF. Besides, it is also known that the kinetics of oxidation gets enhanced under conditions of thermal cycling, as a result of which, the concentration of strengthening elements would get substantially reduced in the alloy [23] . Therefore, although a sustained cyclic deformation at the T max as in the case of IF cycling, imparts greater damage yielding lower lives, the interaction between creep, thermal cycling and oxidation serves to bridge the gap between the observed lives under IF and TMF (IP and OP), Fig. 6 .
The ratio of lives obtained under IP and OP TMF cycling (N f, IP /N f, OP ), plotted against the T max of cycling is presented in Fig. 7 , wherein a reduction of the ratio with an increase in the T max could be noted. Besides, the plot also indicates that the deleterious influence of OP cycling was more significant at the lower mechanical strain amplitude of ±0.4%. This could be understood from the time−dependence of the environmental effects and the associated damage development. The lower applied strain substantially increased the duration of tests, thereby providing a longer time for the environmental interaction to take place which in turn inflicted a greater damage due to oxidation.
Conclusions
Thermomechanical fatigue behaviour of RAFM steel was investigated under in−phase and out−of−phase cycling conditions. Out−of−phase TMF consistently yielded the lowest life which was attributed to the combined influence of tensile mean stress coupled with an accelerated oxidation−induced crack initiation. Also, the cyclic life under IP TMF displayed a significantly stronger dependence on the maximum temperature of the cycle as compared to the life−temperature variation observed under isothermal cycling. It was thus recognised that the traditional design practice for low cycle fatigue that relies on the isothermal database generated at the maximum temperature of the expected thermal cycle is bound to be nonconservative for the above steel and could have adverse implications on the structural integrity. 
